Introduction
The European corn borer, Ostrinia nubilalis (Hü bner) (Lepidoptera: Crambidae), is one of the most destructive pests of corn in the United States. It is a cosmopolitan species originally distributed in Europe and from there introduced into North America, where it has now spread to most of southern Canada and the U.S. east of the Rocky Mountains (Hudon et al., 1989; Mason et al., 1996) . Transgenic corn plants that express proteins from Bacillus thuringiensis (Bt) have become an integral component of crop management systems to control this pest, and therefore, Bt resistance development in O. nubilalis would severely limit the economic and environmental benefits of employing transgenic plants or formulated Bt for pest management (Shelton et al., 2002) . Transgenic corn hybrids expressing the Cry1Ab or Cry1F insecticidal proteins from B. thuringiensis for control of O. nubilalis have been used commercially in the U.S. since 1996 and 2003, respectively. In 2008, after 3 years of the release of stacked Bt corn for both corn rootworm (Diabrotica spp.) and corn borer control, Bt corn was planted on 57% of U.S. corn acreage, exceeding 65% in some states such as Iowa and Illinois with even higher levels of adoption in some counties (USDA NASS, 2008) .
Because of the importance of sustainable use of Bt as both microbial insecticides and insecticidal proteins expressed in transgenic crop plants, resistance to Bt has been a subject of extensive research. Laboratory selection experiments have shown the potential for development of resistance to Bt toxins among insect pest species (reviewed by Ferré and Van Rie,
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The study of fitness costs associated with resistance to toxins from Bacillus thuringiensis Berliner (Bt) is important for understanding resistance evolution and for evaluating resistance management practices that prevent or mitigate resistance. A strain of European corn borer, Ostrinia nubilalis (Hü bner) (Lepidoptera: Crambidae) obtained from field collections throughout the U.S. Corn Belt in 1996, was selected in the laboratory for resistance to Cry1F by exposure to the toxin incorporated into artificial diet. The selected strain developed more than 3000-fold resistance to Cry1F after 35 generations of selection and readily consumed Cry1F expressing maize tissue. Using this resistant strain, a susceptible strain with similar genetic background and reciprocal crosses between them, we estimated fitness costs and their dominance by measuring fitness components and population parameters determined by fertility life tables. Comparison of life-history traits and population growth rates of genotypes homozygous and heterozygous for resistance relative to susceptible genotypes indicated existence of weak and recessive fitness costs associated with resistance. The significance of these results in relation to current resistance management practices is discussed. (McGaughey 1985) , Plutella xylostela (Tabashnik et al., 1990) , and Tricoplusia ni (Janmaat and Myers, 2003) in response to repeated applications of Bt sprays. More recently, field evolved resistance to Bt crops resulting in control failures has been reported in Brusseola fusca (Fuller) to Cry1Ab-producing corn in South Africa (Van Rensburg 2007) and in Spodoptera frugiperda to Cry1F-producing corn in Puerto Rico (Matten et al. 2008) . Additionally, Tabashnick et al. (2008) have reported resistance to Cry1Ac-producing cotton in Helicoverpa zea based on analysis of more than a decade of resistance monitoring data, although control failures have yet to be detected.
The current scarcity of Bt resistance in the field may be a result of inherent instability of resistance in the absence of Bt exposure. Newly arisen resistance traits are often assumed to be associated with a fitness cost (Coustau et al., 2000) . This assumption arises from the observation that resistance genes are rarely fixed in populations, and the maintenance of genetic polymorphisms is thought to be a result of counterbalanced selection pressures (Coustau et al., 2000) . Resistance to Bt has been reported to decline in the absence of selection in a number of laboratory colonies (reviewed by Ferré and Van Rie, 2002; Gassmann et al., 2009 ). This decline has been attributed to fitness costs, such as a lower larval growth rate (Liu et al., 1999) , survival (Groeters et al., 1994) , or fecundity and mating success (Groeters et al., 1993) in resistant individuals in the absence of selection. Nevertheless, estimates of overall intrinsic population growth rates of field-derived resistant P. xylostella populations have not been found to differ from those of susceptible populations (Sayyed and Wright, 2001) . Additionally, no differences in survival or larval weight were found in a strain of Cry1Ac-resistance Heliothis virescens in the absence of Cry1Ac (Gould and Anderson, 1991) . Despite the uncertainty of fitness costs associated with resistance, some proposed resistance management strategies are enhanced by their presence (Gould, 1998) . It is, therefore, important to document fitness costs in order to develop appropriate resistance management strategies.
We have previously reported that a strain of O. nubilalis obtained from field collections throughout the U.S. Corn Belt in 1996 was selected in the laboratory for resistance to Cry1F (Pereira et al., 2008a) . The selected strain developed more than 3000-fold resistance to Cry1F, readily consumed Cry1F expressing maize tissue growing to late instars, and displayed a pattern of the response in reciprocal crosses and backcrosses that was consistent with autosomal, recessive, and simple monogenic inheritance of resistance (Pereira et al., 2008a) . The mechanism of resistance in this strain remains uncertain as no evidence of reduced toxin binding to midgut epithelia or enhanced degradation by luminal gut proteases was observed in the resistant larvae (Pereira et al., 2009 ). Here we report results of a laboratory experiment conducted to determine relative fitness of Cry1F-resistant, susceptible and F 1 progeny of reciprocal crosses between resistant and susceptible European corn borers. Life-history characteristics including pupal weight, development time and growth rate were measured and population growth parameters were calculated for the four groups. Results are discussed in terms of strength and inheritance of fitness costs as well as their implications for resistance management.
Materials and Methods

Insects
Four O. nubilalis lines were utilized in the fitness comparisons: the Cry1F-selected and control strains assumed to be homozygous for resistance and susceptibility, respectively, and the two hybrid F 1 progeny derived from reciprocal crosses between susceptible and resistant parents (Pereira et al., 2008b) . The selected strain originated from insects collected throughout the central U.S. Corn Belt in 1996 and has been maintained in the laboratory for at least 50 generations (Pereira et al., 2008b) . Resistance has been maintained by repeated selection every two-three generations with Cry1F applied on the surface of the rearing diet for seven days (60 ng/ cm 2 , the upper limit of the LC 99 for susceptible populations), although insects were not exposed to toxin in the generation immediately prior to experiments. The selected strain exhibited greater than 3000-fold resistance to Cry1F based on diet bioassays and readily consumed Cry1F expressing maize tissue (Pereira et al., 2008a,b) . The population size of selected colony was maintained at ca. 1000 individuals every generation. The susceptible strain was derived from the Cry1F selected strain after the first 30 generations of selection before resistance was fixed as described elsewhere (Pereira et al., 2008a,b) .
To generate F 1 larvae, corn borer pupae from susceptible and resistant strains were separated by sex according to the ventral morphology of their caudal end (Heinrich, 1919) . One hundred Cry1F-selected females were pooled with 100 control males, and 100 control females were pooled with 100 Cry1F-selected males in mating cages before adult emergence. The fitness comparisons were initiated with neonates of (Lewis and Lynch, 1969) that is used for standard rearing.
Growth rate
Thirty-two randomly selected unfed neonates (within 24 h of eclosion) from the selected and control strains, and F 1 progeny of reciprocal crosses were weighed. One individual neonate was placed in each independent well of a 32-well bioassay tray containing fresh rearing diet sufficient for complete larval development. Pupation was recorded daily, and individuals were removed, weighed, and placed in a Petri dish containing a moistened filter paper to avoid dehydration. The growth rate (GR) was calculated using the formula (Radford, 1967) :
]/T where W 1 and W 2 are the neonate larval (L1) and pupal weights, respectively, and T is the time (days) from L1 to the pupal stage (Sayyed and Wright, 2001; Raymond et al., 2005) .
Fecundity and number of offspring produced
For each of the two strains and F 1 progeny of reciprocal crosses, 10 newly-emerged adult males and females from the growth rate study were paired randomly. Each pair was placed in a small mating cage (6 · 6 · 10 cm) made of polyvinylchloride ) and provided with cotton wool saturated with adult diet (1.4% agar, 40% sucrose in w/v). The egg laying surface of the cages were at a 45°a ngle and covered with 0.6-cm screen upon which wax paper sheets were placed and used as oviposition substrate. Cages were misted with water daily, and the number of egg masses were recorded, weighed, and transferred to a small Petri dish (6 cm diameter) containing a water-saturated filter paper as source of moisture. Most eggs hatched within 5 days, but eggs were allowed up to 7 days to hatch. The daily number of neonates produced per female each day was recorded. Larvae were transferred to rearing pans containing normal rearing diet (Lewis and Lynch, 1969) in order to estimate the neonate-to-adult survivorship and the number of offspring female moths produced by each parental female.
Intrinsic rate of population increase
Methods were adapted from Alyokhin and Ferro (1999) and Sayyed and Wright (2001) . To estimate parameters related to the population growth potential in each O. nubilalis line, we assumed that the population has an exponential growth described in the model N t = N 0 · e rm · t , where N t is the size of the population at time t; N 0 is the initial size of the population, and r m is a parameter related with the rate of population growth referred to as the intrinsic rate of increase (Birch, 1948) . The life-table format (Carey, 1993; Southwood and Henderson, 2000) was used to study numerical differences in the four lines of O. nubilalis. Population growth parameters were determined as described by Birch (1948) and Carey (1993) using a sas program developed by Maia et al. (2000) . The intrinsic rate of increase was obtained by iteration of the Lotka equation (Birch, 1948) : Re )rx l x m x = 1, where x is the pivotal age class, l x is the survivorship at pivotal age x, and m x is the number of adult-female offspring produced by all experimental females alive at each pivotal age x. The net reproductive rate or rate of multiplication per generation, R 0 = R(l x m x ), the mean generation time, T = ln(R 0 )/r, and the finite rate of increase or rate of multiplication per day, k = ln(r) were also calculated.
Statistical analyses
Pupal weight, development time, and mean growth rate were analysed by a two-way analysis of variance (anova) with O. nubilalis genotype and sex as main effects. Residual analysis (proc mixed, proc univarate) was employed to ensure that the assumptions of homogeneity of variance and normality were met before data were analysed. The means were separated at the a level of 0.05 using Fisher's protected least square difference (proc mixed) (SAS Institute, 2002) . Variances associated with the population growth parameters were estimated by the jackknife method (Efron, 1982; Meyers et al., 1986 ) using the sas program developed by Maia et al. (2000) . The program allows the calculation of confidence intervals for all estimated parameters and provides one-sided and two-sided t-tests to perform pairwise or multiple comparison between groups using their respective P values.
Results
Larval development
Significant differences (P < 0.05) existed between the sexes for both pupal weight and growth rate but not for development time (Table 1) . These life-history E. J. G. Pereira, N. P. Storer and B. D. Siegfried
Fitness costs of Cry1F resistance in O. nubilalis characteristics varied among the O. nubilalis genotypes, and the interaction O. nubilalis genotype · sex was also significant (Table 1) . Pupal weight, development time, and growth rates of the selected and control strains and F 1 progeny of reciprocal crosses are shown in Fig. 1a -c. Pupal weight was similar for males of all four genotypes. In contrast, female pupal weights of the Cry1F-selected strain, and progeny of reciprocal crosses (i.e. resistant homozygotes and heterozygotes, respectively) were significantly lower than that of the control strain (i.e. susceptible heterozygotes). The development time varied between the sexes for homozygous larvae; susceptible females (SS) developed faster than did resistant females (RR), while the opposite occurred with the males. However, the magnitude of the difference was less than a day for both sexes. The progeny of Cry1F-Sel. $ · Control # (i.e. RR$ · SS#) had the shortest development time and pupated approximately two days earlier than the other genotypes. Resistant homozygous females accumulated less biomass (i.e. displayed lower growth rates) than did susceptible homozygous females (about 1 mg per day); this same trend was observed in the progeny of RR$ · SS#. No clear reduction in the larval growth rates of males was associated with resistance.
Fecundity
Analysis of variance indicated only marginally significant differences among the genotypes in the number of egg masses (F 3,36 = 2.38; P = 0.0858), egg mass weight (F 3,36 = 2.78; P = 0.0551), and number neonates produced (F 3,36 = 2.57; P = 0.0690). Fecundity parameters of Cry1F-selected moths tended to be lower than those of the control and F 1 moths (Fig. 2) , especially the number egg masses (Fig. 2a) and neonates produced (Fig. 2c) . Resistant homozygous moths produced 45% fewer offspring than control females (i.e. susceptible homozygotes) and approximately 65% fewer than progeny of reciprocal crosses (i.e. heterozygotes). Heterozygous moths tended to produce heavier egg masses and more offspring than the other genotypes (Fig. 2) . Table 2 summarizes the parameters of potential population growth for the four O. nubilalis genotypes reared in laboratory conditions. The same trend observed for traits related to fecundity was observed for the population growth parameters of the four the genotypes. Overall, the intrinsic rate of population increase (r m ) tended to be lower for resistant homozygotes and higher for heterozygotes relative to susceptible homozygotes.
Population growth
Discussion
The results of the present study indicate that there is a weak fitness cost associated with Cry1F resistance Fitness costs of Cry1F resistance in O. nubilalis E. J. G. Pereira, N. P. Storer and B. D. Siegfried in the European corn borer. Importantly, heterozygous individuals were equally fit or fitter than the susceptible homozygotes indicating that the slight fitness costs appear to be recessive. This result could have important practical implications to resistance management because when heterozygotes have equivalent fitness to susceptible homozygotes, resistant alleles are expected to persist in at least some populations (Roush and McKenzie, 1987) . Therefore, it is critical to estimate the frequency of Cry1F-resistance alleles (Gould, 1998) in field populations of O. nubilalis to effectively monitor resistance evolution. Elucidation of the resistance mechanism (Pereira et al., 2009) will be an important step towards identification of a resistance-associated mutation and development of molecular markers that are amenable to high throughput screening and may provide increased precision and sensitivity to monitoring efforts. In addition, as pointed out by Coustau et al. (2000) , fitness costs are more thoroughly understood when the mutations that confer resistance have been identified allowing a better understanding of physiological consequences of resistance.
It should be noted that our estimates of relative fitness were obtained under a single set of environmental conditions designed to optimize O. nubilalis rearing. Resistance-associated fitness costs might have been more apparent under normal field conditions or in an unfavorable environment (Janmaat and Myers, 2005; Raymond et al., 2005) . Therefore, in future studies it will be important to compare relative fitness of O. nubilalis genotypes under different ecological conditions so that the genotype-environment interaction can be estimated thus increasing the chance of detection of costs of resistance (Fry, 1993) . In planta comparisons of fitness may provide a better approximation of the environment that insects face in the field. Corn hybrids with different concentrations of defensive phytochemicals such as dimboa could also magnify costs (Carriè re et al., 2004) and should be tested. Additionally, it may be relevant to estimate the ability of the resistant genotype to overwinter by measuring the ability to enter and break diapause under simulated conditions in the laboratory (Alyokhin and Ferro, 1999) . In the laboratory, fitness costs of Bt resistance have been observed with some resistant strains of Plodia interpunctella (Oppert et al., 2000) , Pectinophora gossypiella (Carriè re et al., 2001), Plutella xylostella (Groeters et al., 1994) , Leptinotarsa decemlineata (Alyokhin and Ferro, 1999) , Trichoplusia ni (Janmaat and Myers, 2003) , and Helicoverpa armigera (Akhurst et al., 2003) , whereas other strains have not displayed such costs (Tang et al., 1997; Ramachandran et al., 1998; Sayyed and Wright, 2001 ). These observations indicate that fitness costs were not always detected under laboratory conditions. It is unclear whether different rearing conditions between laboratories can, in part, explain this variation (Cerda et al., 2003) , or if resistance costs to Bt toxins may be cryptic and only evidenced upon instability of resistance (Sayyed and Wright, 2001; Gassmann et al., 2009 ).
The present study represents a first step towards documentation of fitness costs associated with Cry1F resistance in populations of this species and is one of the few studies that estimate the inheritance of fitness costs and the intrinsic rate of population increase, a direct index of fitness. Although both the susceptible and susceptible strains were derived from a common genetic background, subsequent rearing in isolation for multiple generations could have resulted in significant genetic divergence. It cannot be ruled out that such strain differences contributed to the slight effects observed on some fitness parameters and could have confounded estimates of fitness dominance due to heterosis of hybrid vigour (Gassmann et al., 2009 ). More refined studies in the laboratory, greenhouse, or in the field are needed to measure the relative fitness of the resistant strain and F 1 progeny in competition with a susceptible population sharing similar genetic background. Additionally, documentation of fitness costs influencing behaviours associated with mating (Groeters et al., 1993) may provide valuable insight into trade-offs between resistance and fitness. The combination of several analytical approaches should provide the most robust estimates of the relative fitness of individuals carrying resistant allele(s).
